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One hundred and fifty-six Actinomadura strains, marker strains of related taxa, and related 
isolates from bagasse and fodder were the subject of numerical phenetic analyses using 90 
unit characters. The data were examined using the simple matching (SSM), Jaccard (SJ)  and 
pattern (Dp) coefficients and clustering was achieved using both single and average linkage 
algorithms. Cluster composition was not markedly affected either by the coefficient or 
clustering algorithms used or by test error, estimated at 4-5 %. Actinomadura dassonvillei, 
Actinomadura madurae and Streptomyces somaliensis formed good taxospecies, but the 
separation of Actinomadura pelletieri strains into two clusters by SJ and SSM analysis 
requires further study. The single representatives of Actinomadura helvata, Actinomadura 
pusilla, Actinomadura roseoviolacea, Actinomadura spadix and Actinomadura verrucosospora 
seemed to form new centres of variation while Actinomadura citrea and Actinomadura 
malachitica showed much similarity with Actinomadura madurae. Most of the isolates from 
bagasse and fodder were recovered in two well-defined phena, provisionally labelled 
clusters ‘A’ and ‘B’ which showed little similarity to either Actinomadurn or Nocardia 
strains, The effect of the different coefficients on the aggregation of clusters is discussed. 
INTRODUCTION 
The genus Actinomadura Lechevalier & Lechevalier 1970 was proposed to accommodate 
so-called Nocardia species with walls containing meso-diaminopimelic acid but lacking 
arabinose and galactose (Becker et al., 1965). Initially, three species, Nocardia dassonvillei 
(Gordon & Horan, 1968), Nocardia madurde and Nocardia pelletieri (Gordon, 1966), were 
transferred to Actinomadura, which was classified in the family Thermoactinomycetaceae. 
Later, the genus was transferred to the family Thermomonosporaceae because endospores 
were not produced (Cross & Goodfellow, 1973). The separation of Actinomadura from 
Nocardia has subsequently been supported by numerical phenetic (Tsukamura, 1969 ; 
Goodfellow, 1971), DNA-DNA reassociation (Mordarski et al., 1977), phage typing 
(Prauser, 1976), chemical (Goodfellow & Minnikin, 1978) and serological (Goodfellow 
et al., 1974) data. However, the 8th edition of Bergey’s Manual of Determinative Bacterio- 
logy (McClung, 1974) describes Actinomadura as a genus incertae sedis, thus perpetuating 
the unsettled taxonomic history of the species it contains (Lacey et al., 1978). 
Further Actinomadura species have been recognized on the basis of morphology and wall 
chemotype (Lacey et dl., 1978); consequently little is known of the relationships of these 
taxa to one another or to the three originally described species (Lechevalier & Lechevalier, 
1970). In a numerical taxonomic survey, however, Actinomadura dassonvillei strains were 
only loosely associated with clusters corresponding to Actinomadura madurae and Actino- 
madura pelletieri although all three species formed an aggregate taxon equivalent in rank to 
0022-1287/79/0000-8380 $02.00 1979 SGM 
7 RIIC I12 
96 M .  G O O D F E L L O W ,  G .  A L D E R S O N  A N D  J .  LACEY 
clusters equated with Nocurdiu, Oerskoviu and Rhodococcus (Goodfellow, 197 1). Actinoma- 
dura ddssonvillei can be distinguished from the other two species on the basis of spore 
morphology (Williams et al., 1976), fatty acid composition (Agre et ul., 1975), pigmentation 
(Lechevalier et al., 197 l), absence of madurose (3-O-methyl-~-galactose ; Lechevalier & 
Gerber, 1970), menaquinone composition (Collins et al., 1977) and polar lipid composition 
(Minnikin et al., 1977). Meyer (1976) proposed the new genus Nocardiopsis for this species. 
Classically, actinomadurae have been isolated from clinical material. Actinornadura 
madurae and A .  pelletieri are primary agents of actinomycete mycetoma in man. Although 
A .  dassonvillei was first isolated from mouldy oat grain (Brocq-Rousseu, 1904), it can infect 
animals and man (Gordon & Horan, 1968; Schaal, 1977). It also occurs in hay, cotton and 
soil (Lacey et d., 1978). Most newly described species have been isolated from soil (Nono- 
mura & Ohara, 1971; Lavrova et al., 1972) while others, classified provisionally as Actino- 
rnadura strains on the basis of their morphology (Lacey, 1971, 1978), were isolated from 
mouldy hay and barley grain. In a subsequent review (Lacey et al., 1978), however, the 
affinities of these isolates were considered to be uncertain. 
In the present study, representatives of Actinomadura spp., marker cultures of Nocardia 
spp. and Streptomyces somaliensis, and ‘ Actinomadura’ isolates from mouldy hay and fodder 
were compared using numerical phenetic methods in an attempt to clarify the intra- and 
supra-generic relationships of Actinomadura. 
METHODS 
Strains. The 156 test strains (Table 1) were maintained on glucose yeast extract agar (GYEA) at room 
temperature (Gordon & Mihm, 1962). 
Isolation of ‘Actinontadura’ strains. These strains were isolated from air, bagasse and fodder using a 
wind-tunnel technique (Lacey, 1971, 1974); the Anderson sampler was loaded with Petri dishes containing 
half-strength nutrient agar medium supplemented with 50 pg actidione ml-l (Gregory & Lacey, 1963). 
Collection of data. Each strain was examined for 90 unit characters (Tables 2 and 3). Media were 
inoculated from BYEA cultures and incubated at 37 “C for up to 21 d, unless otherwise stated. A few of the 
‘Actinomadura’ isolates (A53, A62, A66, A79, A81 and A89) that grew poorly, if at all, at 37 “C were 
incubated at 30 “C. Growth tests were performed in divided polystyrene Replidishes (Sneath & Stevens, 
1967); antibiotic sensitivity, colony morphology and degradation tests were done in Petri dishes; and urease, 
allantoinase and lysozyme activity were examined in test-tubes. Most of the media and methods used have 
been described elsewhere (Goodfellow, 1971 ; Lacey & Goodfellow, 1975); details of the remainder are 
given below. 
Colonial characters. Colony morphology and pigmentation were observed on GYEA plates after 7 and 14 d. 
Biochemical and degradative tests. Cultures were examined using methods previously described (Good- 
fellow, 1971 ; Lacey & Goodfellow, 1975), with most tests being read after 14 d. However, gelatin, starch, 
DNA and RNA tests were read after 7 d, guanine and cellulose degradation after 21 d and allantoin and urea 
tests weekly up to 4 weeks. Ribonucleases were detected in a basal medium (20 g tryptone, 5 g NaCl and 
15 g agar in 1 1 distilled water; at pH 7.3) supplemented with RNA (0.3 %, w/v) (Jeffries et al., 1957). 
Testosterone degradation was tested by streaking a dense inoculum of each culture across a plate con- 
taining 0.1 % (w/v) testosterone (BDH) in Gordon’s (1967) basal medium, and looking for the disappearance 
of the insoluble testosterone underneath and around the growth. 
Organic compounds as sole sources of carbon. Strains were examined for their ability to grow on 42 carbon 
sources (Tables 2 and 3 ;  Goodfellow, 1971). 
Antibiotic sensitivity studies. Eleven antimicrobial agents contained in filter paper discs (Tables 2 and 3) 
were tested for activity against the strains by the method of Goodfellow & Orchard (1974). Resistance to 
lysozyme was determined after 28 d (Gordon, 1966). 
Coding of data. Nearly all of the characters existed in one of two mutually exclusive states and were 
scored plus (+) or minus (-). Qualitative multistate characters, such as pigmentation and colony elevation, 
were scored plus (+) for the character state shown and minus (-) for the alternatives; quantitative multi- 
state characters, for example, aerial hyphae production, were scored by the additive method (Sneath & 
Sokal, 1974). Sensitivity to antimicrobial agents was scored plus (+). The n x t table contained data for 
156 bacteria and 90 unit characters. The binary data were recorded on standard IBM punch cards. 
Computer analysis. Data were examined using the Clustan 1A program (Wishart, 1968) on an IBM370/180 



























































Table 1 .  Designation and source of strains assigned to clusters based on 
pattern diferen ces 
A. Major clusters 
(a) Strains assigned to cluster 1 (Actinomadura madurae) 
Actinomadura citrea, G. F. Gause, Institute of New Antibiotics, Bolshaia Pirogovskaia 11 , Moscow 
Actinomadura madurae, M. Mariat, Institut Pasteur, Paris, France, 725 
A .  madurae, M. Mariat, 393 
A .  madurae, M. Mariat, 703; mycetoma, Mexico 
A .  madurae, M. Mariat, 363; madura foot, Tunis 
A .  madurae, M. Mariat, 364; madura foot 
A .  madurae, ATCC 19425 
A .  madurae, H. Prauser, Zentralinstitut fur Mikrobiologie und Experimentelle Therapie, Jena, DDR, 
IMET 7144; H. A. Lechevalier; R. E. Gordon, 1136; soil 
A.  madurae, H. Prauser, IMET 7145; H. A. Lechevalier, Sal 1 
A .  madurae, H. Prauser, IMET 7146; H. A. Lechevalier, 1091 
A.  madurae, M. A. Gordon, Department of Health, Albany, New York, U.S.A., 291A 
Actinomadura malachitica, G. F. Gause, INA 1920 
Actinomadura verrixosospora, H. Nonomura, Faculty of Engineering, Yamanashi University, Kofu, 
‘Actinomadura’ sp., J. Lacey, A270; hay 
‘Actinomadura’ sp., J. Lacey, A888; air sample, barley silo 
Nocardia madurae, NCTC 5654; J .  T. Duncan in 1938; madura foot 
N. madurae, NCTC 1070; J. T. Duncan in 1934; madura foot 
N. madurae, NCTC 5654 
Streptomyces madurae, C. Philpot, London School of Hygiene and Tropical Medicine, 393 
S. madurae, C. Philpot, 373 
S. madurae, CBS 331.54 
S. madurae, CBS 1 34.65 
S. madurae, CBS 254.58 
U.S.S.R., INA 1849 
Japan, A184 
(b) Strains assigned to cluster 2 (Actinomadura dassonvillei) 
Actinornadura dassonvillei, laboratory strain 
A .  dassonvillei, H. Prauser; R. E. Gordcn, IMRU 509 
A .  dassonvillei, H. Prauser; R. E. Gordon, IMRU 714 
A .  dassonvillei, H. Prauser; R. E. Gordon, IMRU 1250 
A .  dassonvillei, H. Prauser, IMET 9563; J. Meyer, 828.52; soil, Beirut, Lebanon 
A .  dassonvillei, M. A. Gordon, 2890 
‘Actinomadura’ sp., J. Lacey, A286; barley grain 
Nocardia dassonvillei, NCTC 10488; R. E. Gordon, IMRU 509 
N. dassonvillei, NCTC 10489; R. E. Gordon, IMRU 1250; erosive plantar disease 
N. dassonvillei, W. A. Causey, Center for Disease Control, Atlanta, Ga., U.S.A., CDC W2536; drainage 
N .  dassonvillei, W. A. Causey, CDC N249 ; rnycetoma, Colorado 
N .  dassonvillei, W. A. Causey, CDC N2491; source unknown 
N .  dassonvillei, W. A. Causey, CDC N291; cow 
N .  dassonvillei, NCTC 10488 
from hip 
(c) Strains assigned to cluster 3 (Actinomadura pelletieri) 
Actinomadura madurae, M. A. Gordon; H. M. Cameron, Nairobi, Kenya 
Actinomadurapelletieri, M. Mariat, 374; Dakar, 1957 
A .  pelletieri, M. Mariat, 385 
A. pelletieri, M. Mariat, 326 
A .  pelletieri, M. Mariat, 308 
A. pelletieri, M. Mariat, 381 
A .  pelletieri, laboratory strain 
A .  pelletieri, laboratory strain 
A .  pelletieri, M. A. Gordon, 295; N. F. Conant 
A .  pelletieri, M. A. Gordon; H. M. Cameron, Nairobi, Kenya 
Nocardiapelletieri, NCTC 4162; J. T. Duncan in 1933; E. C. Smith in 1928; mycetoma of arm 
N .  pelletieri, NCTC 9999; R. E. Gordon, 513 in 1957; P. Thibault in 1923 
N .  pelletieri, NCTC 10000; R. E. Gordon 687 in 1957; L. Ajello 
N. pelletieri, W. A. Causey, CDC N242; Dr Anwar, Pakistan; mycetoma 
N .  pelletieri, W. A. Causey, CDC N86; N. F. Conant, 989 
N .  pelletieri, H. Prauser, IMET 7141 ; V. D. Kuznetsov, RIA 476 
N. pelletieri, NCTC 4 162 
N .  pelletieri, R. E. Gordon, Rutgers University, New Brunswick, U.S.A., 51 3 
Nocardia (Proactinomyces) pelletieri, V. D. Kuznetsov, Research Institute for Antibiotics, Moscow, 
Streptomyces pelletieri, C. Philpot 
S.  pelletieri, C. Philpot, 3885 
U.S.S.R., RIA 476 
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Table 1 (cont.) 
S. pelletieri, C. Philpot, 368 
S. pelletieri, C. Philpot, 1065; E. C. Smith in 1929; arm of patient 
S. pelletieri, C. Philpot, 388H 
S. pelletieri, CBS 708.70 
S.  pelletieri, CBS 436.57 
S.  pelletieri, CBS 294.64 
S.  pelletieri, D. Fsey, Institute of Medical Research, Crow’s Nest, N.S.W., Australia, RNSH 203 
S. pelletieri, D. Frey, RNSH 2022; Dr Segsetain, IP 385 
S. pelletieri, H. Prauser, IMET 9592 
S. pelletieri, I. G. Murray, London School of Hygiene and Tropical Medicine, 1065 
( d )  Strains assigned to cluster 4 (Streptomyces somaliensis) 
Nocardiapelletieri, NCTC 3026; J. T. Duncan in 1929; mycetoma 
Streptomyces somaliensis, M. Mariat, 395 ; Fort Lamy, Chad 
S. somaliensis, M. Mariat, 702; Mexico 
S.  somaliensis, M. Mariat, 313 
S. somaliensis, M. Mariat, 314 
S. somaliensis, M. Mariat, 383 
S. somaliensis, NCTC 3236 
(e) Strains assigned to cluster 5 (cluster ‘B’) 
‘Actinomadura’ sp., J. Lacey, A1248; hay 
‘ Actinomadura’ sp., J. Lacey, A640; hay 
‘Actinomadura’ sp., J. Lacey, A336; hay 
‘Actinomadura’ sp., J. Lacey, A670; barley 
‘Actinomadura’ sp., 5. Lacey, A66; straw 
‘ Actinomadura’ sp., J. Lacey, A1276 
‘ Actinomadura’ sp., J. Lacey, A694; straw 
‘Actinomadura’ sp., J. Lacey, A548; barley 
‘Actinomadura’ sp., J. Lacey, A1247; hay 
‘ Actinomadura’ sp., J. Lacey, A637; barley 
‘ Actinomadura’ sp., J. Lacey, A333 ; hay 
‘ Actinomadura’ sp., J. Lacey, A320; barley 
‘Actinomadura’ sp., J. Lacey, A674; barley 
Nocnrdia madurae-type, T. Cross, Bradford University, CUB410; J. Lacey, stored hay 
(f) Strains assigned to cluster 6 (cluster ‘A’) 
‘ Actinomadura’ sp., J. Lacey, A676; bagasse 
‘Actinomadura’ sp., J. Lacey, A678; barley 
‘Actinomadura’ sp., 5. Lacey, A337; oats 
‘ Actinomadura’ sp., J. Lacey, A735; hay 
‘ Actinomadura’ sp., J. Lacey, A428 ; barley 
‘Actinomadura’ sp., J. Lacey, A826; hay 
‘Actinomadura’ sp., J. Lacey, A491 ; barley 
‘Actinomadura’ sp., J. Lacey, A302; straw 
‘Actinomadura’ sp., J. Lacey, A307; barley 
‘Actinomadura’ sp., J. Lacey, A305; barley 
‘ Actinornadura’ sp., J. Lacey, A410; barley 
‘Actinomadura’ sp., J. Lacey, A31 8; hay 
‘Actinomadura’ sp., J. Lacey, A673; barley 
‘ Actinomadura’ sp., J. Lacey, A232; bagasse 
‘Actinomadura’ sp., J. Lacey, A443; H. A. Lechevalier, Sal 1 
‘ Actinomadura’ sp., J. Lacey, A581 ; barley 
‘ Actinomadura’ sp., J. Lacey, A470; barley 
‘Actinomadura’ sp., J. Lacey, A1016; hay 
‘ Actinomadura’ sp., 5. Lacey, A824; bagasse 
‘ Actinomadura’ sp., J. Lacey, A212; straw 
‘ Actinomadura’ sp., J. Lacey, A620; hay 
‘ Actinomadura’ sp., J. Lacey, A232; bagasse 
‘Actinomadura’ sp., J. Lacey, A630; air sample, barley silo 
B. Minor clusters 
(g) Strains assigned to cluster 7 (Actinomadura roseoviolacea) 
Actinomadura roseoviolacea, H. Nonomura, A-5 ; soil 
A.  roseoviolacea, H. Nonomura, A-5; soil 
(h) Strains assigned to cluster 8 
‘Actinomadura’ sp., J. Lacey, A1273; hay 
‘ Actinomadura’ sp., J. Lacey, A1295; hay 
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Table 1 (cont.) 
( i )  Strains assigned to cluster 9 (Rhodococcus sp.) 
A 135 Nocardia madurae, Czechoslovak Collection of Microorganisms, J. E. Purkyne University, Brno, 
A136 N .  madurae, CCM 5510 
Czechoslovakia, CCM 5509 
( j ) Strains assigned to cluster 10 (Streptomyces sp.) 
N205 Nocardia gibsonii, ATCC 6852, NCTC 4575; A. G. Gibson 
N206 Nocardia rangoonensis, ATCC 6860, NCTC 1678 ; pulmonary streptothrichosis 
(k)  Strains assigned to cluster 11 (Nocardia carnea) 
jN675 Nocardia carnea, R. E. Gordon, ATCC 6847 
jN676 N. carnea, R. E. Gordon, 3419, ATCC 6847 
(1) Strains assigned to cluster 12 (Nocardia vaccinii) 
*N537 Nocardia salmonicida, T. G. Pridham, NRRL, Peoria, U S A .  
kN681 Nocardia vaccinii, R. E. Gordon, 3500, ATCC 11092; N. R. Smith, BG19; stem galls, blueberry 
kN682 N .  vaccinii, R. E. Gordon, ATCC 11092 
(m) Strains assigned to cluster 13 (Nocardia transvalensis) 
“679 
”680 
Nocardia transvalensis, R. E. Gordon, 3426, NCTC 2392 






























C. Clrcsters containing single strains 
Actinomadura helvata, H. Nonomura, A-105; soil 
Actinomadura madurae, C. Philpot, 391 
A .  madurae, H. Prauser, IMET 9562; soil, Japan 
Actinomadura pusilla, H. Nonomura, A-1 18 
Actinomadura spadix, H. Nonomura, A-1 16 
‘Actinomadura’ sp., J. Lacey, A879; coffee beans 
‘Actinomadura’ sp., J. Lacey, A893; bagasse 
‘ Actinomadura’ sp., J. Lacey, A440; air 
‘ Actinomadura’ sp., J. Lacey, A429; barley 
Micropolyspora caesia, J. Lacey, A1 194 
Nocardia aerocolonigenes, R. E. Gordon, ISP 5034 
Nocardia asteroides, ATCC 19247; R. E. Gordon, 727 
Nocardia brasiliensis, ATCC 19296; R. E. Gordon, 845 
Nocardia formica, J. E. Thiemann, Lepetit SPA, Milan, Italy, S542 
Nocardia fukuyae, S. Suzuki, Rikagaku, Kenkyusho, Wako-Shi, Saitano, Japan, 11/41 
Nocardia gardneri, Institute of Applied Microbiology, University of Tokyo, Tokyo, IAMOlO5 
Nocardia italica, CBS 609.67 
Nocardia keratolytica, ATCC 12484 
Nocardia madurae, W. A. Causey, CDC N273; Dr Londero, Brazil; burn eschar 
N. madurae, W. A. Causey, CDC N248; sputum 
N .  madurae, W. A. Causey, CDC N272 
N. madurae, laboratory strain, K657 
Nocardia satzirnea, ATCC 15778; P. Hirsch, 99; compost 
Nocardia (Proactinomyces) gardneri, V. D. Kuznetsov, RIA 634 
Nocardia (Proactinomyces) madurae, V. D. Kuznetsov, 452 
Nocardia (Proactinomyces) polychromogenes, V. D. Kuznetsov, RIA 675 
Nocardia (Proactinomyces) renuis, V. D. Kuznetsov, RIA 638 
Streptosporangium sp., laboratory strain 
Streptosporangium sp., laboratory strain 
* Type strains. 
Superior letters preceding laboratory numbers indicate triplicate (a, c) or duplicate (b, d to 1) cultures. 
computer using both the simple matching coefficient (SfiM; Sokal & Michener, 1958), which includes both 
positive and negative matches, and the Jaccard coefficient (&; Sneath, 1957) which includes positive matches 
only. Clustering was achieved using both single linkage and unweighted average linkage (UPGMA) algo- 
rithms (Sneath & Sokal, 1974). Vigour and pattern statistics were also calculated (Wishart, 1968) and a 
sorted shaded diagram was prepared from the product of the pattern coefficient (Dp), UPGMA analysis. 
Analysis for mycoZic acids. Three ‘ Actinomadura’ cultures (A46, A84, A88) and two cultures received as 
Nocardia madurae (A135, A1 36) were examined for mycolic acids using the medium and methods described 
by Minnikin et 01. (1975). 
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RESULTS 
Clustering of the strains using the Dp coeficient with the UPGMA algorithm 
The percentage dissimilarity (D,) between strains can be divided into vigour (DT.) and 
pattern ( Dp) components (Sneath, 1968). D ,  expresses differences in total metabolic 
activity between strains, as measured by numbers of positive reactions, while Dp takes 
account of which tests give positive results, allowing for differences in growth rates, periods 
of incubation and similar factors which normally distort similarity values. Since the test 
strains: varied widely in rates of growth, classification based on the pattern coefficient, 
UPGMA analysis is described in detail. 
Of the 156 test cultures, 137 were recovered in six major and seven minor clusters (Fig. 1). 
All clusters were distinct and homogeneous and were named, where possible, after type or 
authentic named strains found within them (Table 1). The properties of the major and minor 
clusters are given in Tables 2 and 3, respectively. 
Most of the 23 strains in cluster 1 were isolated from clinical sources and identified as 
Actinomadura (or Nocardia or Streptomyces) madurae (Table 1). All three cultures of the 
type strain of A. madurae (A16, A113, A142) were recovered near the centre of this cluster 
but duplicate cultures of another strain, A125 and A80, were found, respectively, in clusters 
1 and 6 (Table 1). Cluster 1 also included two isolates (A74, A107) from hay and barley, 
respectively, and the type cultures of Actinomadura malachitica (A1 39), Actinomadura citrea 
(A138) and Actinomadura verrucosospora (A4). It may be significant that these three showed 
a greater similarity to one another than to other strains in the cluster. Most of the remaining 
cultures received as A. (or N.) madurae (A6, A94, A110, A l l l ,  A127, A137) showed little 
similarity to cultures in clusters 1 or 6 or to one another, but two (A135, A136) formed 
cluster 9. The two strains in this cluster produced red colonies, a primary mycelium that 
soon fragmented into irregular elements, contained mycolic acids, grew on a wide range of 
carbon sources and were sensitive to lysozyme (Table 3). They thus resemble species of 
Rhodococcus (Goodfellow & Alderson, 1977) and have probably been misidentified. 
Cluster 2 contained 14 isolates from fodder, soil and clinical material and included dupli- 
cates of the type strain of Actinomadura (or Nocardia) dassonvillei (A14, A1 18). All but one 
of the isolates were received as A. (or N.) dassonvillei, the exception (A49) being labelled 
‘ Actinomudura’ sp. 
The 31 strains forming the largest cluster, cluster 3, showed some heterogeneity although 
all were received as Actinornadura (or Nocardia or Streptomyces) pelletieri (Fig. I), with one 
exception (A132) labelled A. madurae. Duplicates of the type culture of A. (or N . )  pelletieri 
(A19, A143) were both found in cluster 3. The cluster was distinct from cluster 4 which 
contained six strains of Streptomyces somaliensis and one evidently misidentified as N .  
pelletieri (A18). 
Most isolates from grain and fodder were recovered in clusters 5 and 6, labelled clusters 
‘B’ and ‘A’, respectively. Cluster 6 contained 23 isolates. Cluster 5 contained 14, one of 
which (N263) had previously been recovered by Goodfellow (1971) within subgroup A of 
his N .  rnadurae group. Other ‘ Actinomadura’ isolates were either recovered in cluster 8 
(A108, A109) or as single strains (A57, A61, A76, A82). Cluster 7 contained only the dupli- 
cate cultures of Actinomadura roseoviolacea (A2, A140). The type cultures of Actinoriiadura 
helvata (A5), Actinomadura pusilla (A3) and Actinomadura spadix (Al) were not recovered in 
any of the defined clusters although the last was similar to A .  roseoviolacea strains. 
Marker cultures of Nocardia, Micropolyspora and Streptosporangium showed little 
similarity to the Actinomadura cultures, to the bagasse and fodder isolates or to one another 
(Fig. 1). Cluster 10 was quite distinct and contained strains received as Nocardia gibsonii 
(N205) and Nocardia rangoonensis (N206). The walls of both species contain LL-diamino- 
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Fig. 1. Pattern matrix of the 156 test cultures based on 90 unit characters. 
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that their classification in the genus Streptomyces seems appropriate. Clusters 1 1  and 13 
contained duplicate cultures of Nocardia carnea (N675, N676) and N .  transvalensis (N679, 
N680), respectively. Cluster 12 included the duplicate cultures of N. vaccinii (N68 1 ,  N682) 
with N .  salmonicida (N537) loosely attached. 
Clustering of the strains using the S ~ M  and SJ coeficients with the UPGMA algorithm 
Cluster composition was only marginally affected when the SJ and SSM coefficients were 
used with the UPGMA algorithm but the clusters were arranged differently (Figs 2 and 3). 
In each analysis, cluster ‘B’ and the S.  somaliensis phenon were recovered in their entirety, 
as were the minor clusters with the exception of cluster 12 from which N.  salmonicida (N537) 
was excluded. 
Both the SJ and SSM analyses modified cluster 1 (A .  madurae) by excluding A. verrucoso- 
spora A4 and the isolates A74 and A107. These three cultures remained differentiated from 
all of the defined clusters. SJ analysis also separated A. madurae A132 from cluster 3 
( A .  pelletieri) and A80, the duplicate of A125, from cluster 6 (cluster ‘B’). Ssn, analysis 
grouped A1 32 with cluster 1 (A.  madurae) and separated A80 from cluster 6. It also removed 
five isolates (A10, A116, A122, A130, N281), which formed a loose subcluster by Dp 
analysis, from cluster 3 to form a new cluster, 14 (Fig. 2). 
Major clusters were recovered in two aggregates by SsM analysis (Fig. 2). One contained 
clusters 1 ( A .  madurae), 2 (A.  dassonvillei), 6 (cluster ‘A’), and 14 (A.  pelletieri); the other 
included clusters 3 (A .  pelletieri), 4 (S. somaliensis) and 5 (cluster ‘B’). The first of these 
aggregates was also recovered by SJ analysis, but with this coefficient clusters 3, 4 and 5 
showed little similarity to one another or to any other major cluster (Fig. 3). In the corre- 
sponding Dp analysis, two aggregates were formed; the first contained A. dassonvillei and 
A .  madurae, the second A .  pelletieri, S. somaliensis and cluster ‘B’. Cluster ‘A’ shared little 
similarity with either (Fig. 1). Only A. dassonvillei and A .  madurae were consistently re- 
covered in the same aggregate of clusters, but even they were only loosely associated in the 
SJ analysis. 
Clustering of the strains using the S s M  and SJ coeficients with the single linkage algorithm 
The classifications obtained with the single linkage clustering method were almost the 
same as those formed in the UPGMA analyses. However, cluster 14 was recovered in both 
the SJ and Ssnf analyses, while in the SsM analysis the A. pelletieri and S. somaliensis 
clusters formed two subgroups within a common cluster. Also strains A74 and A107 were 
recovered in cluster 6 (cluster ‘A’) ; otherwise, cluster composition was not affected. 
Reproducibility of results 
Inclusion of duplicate and triplicate strains (Table 1) in the analysis enabled experimental 
test error to be estimated. The probability ( p )  of an erroneous result averaged 4.5 yo, equal 
to an observed SSM value of about 91 % between duplicate cultures. 
Characters useful for the separation of Actinomadura species and allied taxa 
Characters potentially useful for the differentiation of Actinomadura species and related 
taxa are shown in Table 4. 
Analysis for mycolic acids 
Mycolic acids were detected in two cultures received as Nocardia madurae (A135, A136) 
but not in the representatives of clusters ‘A’ (A84, A88) and ‘B’ (A46). 
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Table 2. Percentage frequencies of positive characters found ilz the major clusters 
Cluster no. 1 
No. of strains 23 
Colonial characters : 
Aerial hyphae sparse 
Aerial hyphae moderate 
Aerial hyphae abundant 
Spines/tufts formed 
Margin filamentous 






















































Growth on sole carbon source (1 %, w/v): 
Adonitol 96 
D-Arabinose 9 
L- Arabinose 100 
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Table 2 (cont.) 
s! 
$ c Q  
$ 2  
.s$ 










Growth on sole carbon source (0.1 %, w/v): 
Glucosamine 57 
rn-Hydroxybenzoic acid 4 
Sodium acetate 62 
Sodium adipate 4 
Sodium butyrate 91 
Sodium octanoate 22 
Sodium propionate 65 
Sodium tartrate 0 
Demethylchlortetracycline (500) 40 
Resistance to: * 
Cephaloridine (100) 0 
Gentamicin (100) 35 
Lincomycin (100) 0 
Oleandomycin (1 00) 0 
Penicillin (10 i.u.) 9 
Rifampicin (50) 0 
Tobramycin (50) 79 
Neomycin (50) 88 
Streptomycin (100) 65 
Vancomycin (50) 31 
2 .U 
32 %2 
0 0  .s$ 
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* Filter paper discs were soaked in antimicrobial agent at the concentrations(,ug ml-l) given in parentheses; 
for penicillin, Oxoid discs were used. 
No strains degraded xylan, produced allantoinases or brown colonies, were resistant to lysozyme or were 
able to use melezitose (1 %, w/v) or testosterone (0.1 %, w/v) as sole carbon sources. All strains degraded 
Tweens 20,40,60 and 80 and used glucose (1 %, w/v) as a sole carbon source. 
DISCUSSION 
The numerical analyses confirm the sharp separation of Actinomadura and Nocardia 
(Tsukamura, 1969; Goodfellow, 1971). They also show that A .  dassonvillei, A .  madurae, 
S.  somaliensis and clusters ‘A’ and ‘B’ form good taxospecies, distinguishable by many 
characters (Table 4). However, the separation of A. pelletieri strains into two clusters by SJ 
and SSM analyses requires further study. The affinities of representatives of new Actino- 
madura species are still unclear, although A .  helvata, A .  pusilla, A .  roseoviolacea, A .  spadix 
and A .  verrucosospora (Nonomura & Ohara, 1971) may form new centres of variation. 
However, A .  citrea and A .  malachitica (Lavrova et al., 1972) show some similarity with 
A .  verrucosospora as well as with A .  madurae; and A. spadix is close to A .  roseoviokocea. 
However, further comparison of the new species using more isolates, if possible, is required. 
Pattern differences between species based on single isolates may be unreliable as they cannot 
take account of the range of variation that may be present in a species. 
Similarity values in numerical phenetic surveys can be influenced by differences in growth 
rates, cultural conditions, test error, lack of test reproducibility, sampling error and by 
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Table 3. Distributioiz of positive characters to the minor clusters and amongst the representa- 
tives of the Actinomadura species which were not recovered in major or minor clusters 
Cluster no. 
No. of strains 
Aerial hyphae sparse 
Aerial hyphae moderate 
Aerial hyphae abundant 
Spines/tufts formed 
Margin filamentous 











































Colonial characters : 
Degradation of: 
Growth on sole carbon source 
- -  7 - -  8 9 10 11 13 12 
1 1  2 1 1  2 2 2 2 2 2* 
1 1 2 1 1 0 2 2 2 2 2  
0 1 1 1 1 0 0 2 2 2 2  
0 0 0 0 0 0 0 2 0 2 2  
0 0 2 1 1 0 0 0 0 2 2  
0 1 2 1 0 1 0 2 2 0 2  
0 1 0 0 0 0 0 1 0 0 0  
0 0 0 1 0 0 2 1 0 2 0  
0 1 2 0 1 2 0 1 0 0 0  
0 0 0 0 0 0 0 0 0 0 0  
1 0 0 0 0 1 0 0 2 0 2  
1 0 0 0 1 0 0 2 0 0 0  
0 0 2 0 0 0 0 0 2 0 2  
0 0 0 0 0 2 2 0 0 2 0  
0 1 0 1 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0  
0 1 0 0 1 0 0 1 2 2 2  
0 0 0 0 0 1 0 2 0 2 0  
1 1 2 1 1 2 0 2 0 0 0  
0 0 0 0 0 1 0 0 0 0 0  
1 1 2 1 1 2 0 2 0 0 0  
1 0 0 0 1 2 0 1 0 0 0  
1 1 2 1 1 2 0 2 0 0 0  
0 0 0 0 0 0 0 0 0 0 0  
0 1 2 0 1 0 0 2 0 2 0  
1 1 2 1 1 2 0 0 0 0 0  
1 1 2 1 1 2 2 0 2 0 0  
0 0 0 1 0 1 0 0 0 0 0  
1 1 2 1 1 1 2 2 2 0 0  
1 1 2 1 1 2 2 2 0 2 0  
1 1 2 1 1 2 2 2 0 0 0  
1 1 2 1 1 2 2 2 0 1 0  
1 1 2 1 1 2 2 2 0 0 0  
0 1 2 0 1 0 2 0 0 2 0  
0 0 0 0 0 0 0 2 0 2 2  
0 0 0 0 0 0 0 2 0 0 0  
0 0 0 0 0 2 0 0 0 0 0  
0 1 2 1 1 0 2 2 0 2 0  
0 0 0 0 0 0 0 0 0 2 0  
1 1 2 1 1 2 2 0 0 0 2  
0 0 0 0 0 0 0 2 0 0 0  
0 0 0 0 0 0 2 0 0 0 0  
1 1 2 1 1 2 1 2 0 0 0  
0 1 2 1 1 2 2 2 0 0 2  
0 0 0 0 0 0 0 0 0 0 0  
0 1 0 0 0 0 2 2 0 1 0  
0 1 1 0 0 0 0 1 0 2 0  
1 1 2 1 1 2 2 2 0 2 0  
0 1 2 1 1 2 2 2 2 2 2  
(1 %, w/v>: 
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Table 3 (cont.) 
Glucose 1 1 2 1 1 2 2 2 2 2 2  
Glycerol 0 1 2 1 1 2 2 2 2 2 2  
Glycogen 0 0 2 1 1 2 2 0 0 0 2  
Inosi to1 1 0 0 0 0 0 2 1 0 2 0  
Inulin 0 1 2 0 0 1 0 2 0 1 0  
Lactose 0 0 2 1 0 1 0 2 0 1 0  
Maltose 1 1 2 1 1 2 2 2 0 0 0  
Mannitol 0 0 0 1 1 0 0 2 2 2 2  
Mannose 1 1 2 0 0 2 2 2 0 2 0  
Melezitose 0 1 1 0 0 0 2 0 0 0 0  
Meli biose 0 0 0 0 0 2 0 0 0 0 0  
a-Methyl-D-glucoside 0 0 0 0 0 0 0 2 0 0 0  
P-Methyl-D-glucoside 0 1 0 0 0 2 1 1 0 0 0  
Raffinose 0 0 2 1 0 2 0 0 0 0 0  
Rhamnose 0 1 2 1 1 1 2 0 0 0 2  
Salicin 1 1 2 0 0 0 0 1 0 0 0  
Sorbitol 0 0 0 0 0 0 2 0 0 2 0  
Starch 0 1 2 1 1 2 2 0 0 0 0  
Sucrose 1 1 2 1 1 2 2 2 0 2 0  
Trehalose 0 1 2 1 1 2 2 2 2 0 0  
Xylose 1 1 2 1 1 2 2 2 0 0 0  
Glucosamine 0 1 2 1 0 2 2 0 0 0 0  
rn-Hydroxybenzoic acid 0 1 0 0 0 0 2 0 0 0 0  
Sodium acetate 0 1 2 1 0 0 2 2 2 2 0  
Sodium adipate 0 0 0 0 0 0 0 0 0 2 0  
Sodium butyrate 0 1 2 1 1 0 2 2 2 2 0  
Sodium octanoate 0 0 0 0 1 0 0 0 0 2 0  
Sodium propionate 0 1 0 0 1 2 2 2 2 2 2  
Sodium tartrate 0 0 0 0 0 0 0 0 0 0 0  
Testosterone 0 0 0 0 0 0 0 0 2 2 0  
Cephaloridine (100) 0 0 0 0 0 0 0 0 2 0 0  
Gentamicin (100) 0 0 0 1 0 2 2 2 2 0 2  
Lincomycin (100) 0 0 0 0 0 0 2 0 0 0 0  
Neomycin (50) 0 0 0 1 1 2 2 2 2 0 2  
Oleandomycin (100) 0 0 0 0 0 0 0 0 0 0 0  
Penicillin (10 i.u.) 1 0 0 0 0 2 2 0 1 0 0  
Rifampicin (50) 0 0 0 0 0 0 2 0 0 0 0  
Streptomycin (100) 1 0 0 1 0 2 2 2 2 0 2  
Tobramycin (50) 0 1 1 1 0 0 2 2 2 0 2  
Vancomycin (50) 1 0 0 1 0 2 2 2 2 0 0  
Lysozyme 1 1 2 1 0 2 2 2 2 0 2  
Growth on sole carbon source (0.1 %, w/v): 
Resistance to:? 
Demethylchlortetracycline(500) 1 0 1 1 0 2 2 2 0 0 0 
Resistance to : 
* Nocardia salmonicida omitted. 
t See Table 2. 
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NO. of Tu?.on/ 
Cluster strains soiircc' Percentage similarity 
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Fig. 2. A simplified dendrogram showing the relationships between clusters based on the S,, 
coefficient and unweighted average linkage clustering (UPGMA). 
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Fig. 3. A simplified dendrogram showing therelationships between clusters based on the SJ coefficient 
and unweighted average linkage clustering (UPGMA). 
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Table 4. Distinguishing characters for Actinomadura species and allied taxa 
Cluster no. 2 -  1 3 -  7 - -  6 5 4  


























Sole carbon source (at 1 %, w/v): 
Adoni to1 d 
D-kabinose - 
L- Arabinose + 
Cellobiose + 
Dextrin + 













Sole carbon source (at 0 1 %, w/v): 
Sodium butyrate + 
Resistance to: 
Penicillin (10 i.u.) 
- - + d -  
- + -  + -  - + + d -  
+ + + + + + + -  + +  
+ + + -  - - + - d +  
- - - - - 
- + + + + -  + + + -  
+ + + + + + + -  + +  
+ + - + + + + + + +  
- d -  - - + - + + -  
+ + - + + + + -  - d  
- + + + + -  + + + +  
- + -  + + + + + + -  
+ + - + + + + + -  - 
+ + -  + + + + + d -  
- + d + + + + + -  - 
- d -  + -  - + + -  
- d - + d -  - + d -  + + - + + + + + -  - 
- + d + + + + + + -  
- + d + + + + + + -  
- + d - + + + + -  - 
+ d -  - - - 
+ + d + + + + + - d  
- + d -  - + + + + -  
+ + - + + -  - + d -  
- + d + + + + + d -  
- + + + + + + + ( I - -  + + -  + + + + -  - - 
- 
- - + -  
- + + + + + + + + -  
- - + + +  + - + -  - 
+, More than 85 % of strains positive; -, more than 85 % of strains negative; d, strains 16 to 84 :i 
positive. 
the coefficients and clustering algorithms employed (Sneath, 1968 ; Sneath & Johnson, 
1972 ; Austin & Colwell, 1977; Goodfellow, 1977). Thus, the unexpectedly large similarities 
reported between A .  pelletieri and Nocdrdia sensu stricto (Holmberg & Hallander, 1973), 
between Actinornadura and S. somaliensis (Kurup & Schmitt, 1973) and between A .  yelle- 
tieri and Rothid dentocariosa (Jones, 1975) can probably be accounted for by such factors. 
Such spurious similarities and dissimilarities can be detected by evaluating numerical data 
with different coefficients of association and clustering algorithms and comparing results 
with classification based on other types of data, e.g. chemical, genetical and morphological 
(Goodfellow et id., 1978). 
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Many different coefficients have been used successfully in numerical taxonomic studies of 
bacteria, but their choice tends to be subjective and comparisons are few (Austin & Colwell 
1977). The significance of negative matches and possible distortions due to growth rate must 
be taken into account. The Jaccard coefficient (SJ; Sneath, 1957) excludes negative matches, 
thus emphasizing differences between strains with few positive characters in common. 
Many of bur strains showed few positive characters and differed markedly in growth rate. 
For this reason, data were analysed using S,, and Dp coefficients as well as SJ.  The use of 
different clustering methods does not affect the formation of clusters where these are 
homogeneous and there are no intermediates. However, where there are intermediates, 
average linkage gives much more compact clusters than single linkage. 
Our classification has been primarily based on pattern differences although cluster com- 
position was not markedly affected either by the coefficients or clustering algorithms used 
or by the 4.5% test error. However, the coefficients of association used did affect the 
relationships between the major clusters while the similarity between A. pelletieri and S.  
somaZiensis in SxM analyses owed much to negative correlation (Figs 1, 2 and 3). These 
numerical findings are difficult to interpret. While the major clusters, with the exception of 
cluster 14, can be considered to represent good taxospecies, little can be said about the 
grouping of these species into genera. At present there is no objective way of equating 
similarity values with orthodox taxonomic rank, but numerical data can be interpreted in 
the light of results collected using independent taxonomic criteria. 
Chemical characters have been particularly useful in evaluating numerical phenetic 
classifications (Lechevalier & Lechevalier, 1970; Lacey & Goodfellow, 1975 ; Goodfellow & 
Minnikin, 1978). Thus, S. somaliensis, like other streptomycetes, has a wall chemotype I 
(Becker et al., 1965; Pridham & Lyons, 1969) and can thereby be distinguished from 
Actinomadura with a type I11 wall. These two taxa can also be distinguished by polar lipid 
composition (Lechevalier et al., 1977), isoprenoid quinone content (Collins et al., 1977) and 
data from serological analyses (Gonzhlez-Ochoa & Vgsquez-Hoyos, 1953 ; Schneidau & 
Shaffer, 1957). The chemical and serological data in conjunction with the numerical data 
from the SJ analysis provide good grounds for continuing to classify S. somaliensis and A .  
pelletieri strains in separate genera. 
Although the strains in clusters ‘A’ and ‘B’ have a morphology resembling Actinomadura, 
they showed little similarity with the phena representing the original three species of this 
genus. The sole exceptions (A74 and A107) within cluster 1 (A.  madurae) were, in fact, 
removed from this cluster by SJ and SsM analyses. These strains were isolated from hay 
and the air of a barley silo, respectively, and may be misplaced from cluster 6 (cluster ‘A). 
Clusters ‘A’ and ‘B’ were also clearly distinguished from the Nocardia clusters and from the 
type strains of N .  asteroides and N.  brasiliensis. Preliminary chemical data support the 
separation of clusters ‘A’ and ‘B’ strains from both Nocardia and Actinomadura. Represen- 
tative strains of these taxa contain meso-diaminopimelic acid, arabinose and galactose 
(G. H. Bowden, personal communication) but, unlike nocardiae, do not contain mycolic 
acids. The relationships of the isolates provisionally classified in clusters ‘A’ and ‘B’ are in 
need of systematic study with actinomycetes having similar chemical and morphological 
features. Chemical criteria should not necessarily outweigh other taxonomic criteria although 
they have helped improve the classification of actinomycetes (Lechevalier et al., 1977; 
Goodfellow & Minnikin, 1978). 
The new genus Nocardiopsis has been proposed for isolates previously classified as 
A. dassonvillei (Meyer, 1976). This proposal has much to commend it, as A .  dassonvillei 
differs from A .  madurae and A. pelletieri in many characteristics (Lacey et al., 1978), but our 
study raises some doubts about its advisability at present. While cluster 2 ( A .  dassonvillei) 
shares little similarity with clusters 1 (A.  madurae) and 3 (A .  pelletieri) the latter are even 
more sharply distinguished. Tsukamura (1969) also found little similarity between A .  
madurae and A. pelletieri strains. Since A .  madurae and A. pelletieri show many chemical 
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similarities, further systematic studies are required to establish the degree of their relation- 
ship. 
Two ways of treating the genus Actinomadura as constituted by Lechevalier & Lechevalier 
(1970) thus seem possible at present. Either the original concept can be retained or the 
removal of A .  dassonvillei to Nocardiopsis can be accepted. In the latter case there would be 
equal justification on phenetic grounds for creating a new genus for strains of A .  pelletieri 
and possibly dividing it into two species. Given the difficulties associated with the classifica- 
tion of Actinomadura and the lack of systematic studies of the newly described species, the 
more cautious alternative seems preferable at present. 
The authors are indebted to colleagues who kindly provided cultures (see Table 1), to 
Dr J. R. Leece for help with the computation and to Mr G. H. Bowden for information on 
wall composition. This investigation was supported by Medical Research Council grant 
G974/ 522/ s. 
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